Abstract. Land subsidence rates of ∼ 1-4 cm yr −1 are measured in the low-lying Vietnamese Mekong Delta. These relatively high subsidence rates are attributed to groundwater extraction, which has increased drastically over the past decades due to growing domestic, agricultural and industrial demands. As a result, hydraulic heads in aquifers are dropping, on average 0.3-0.7 m yr −1 . There is an urgent need to go from measurements to predictions in order to test possible future groundwater management scenarios and to reduce the increase of flood risk, salt water intrusion and, on the longer term, prevent the delta from drowning. In this study, we aim to assess the subsidence potential of the multi-aquifer subsurface of the Mekong delta due to groundwater extraction. The first step is to gain a thorough understanding of the complex sedimentary architecture of the heterogeneous subsurface. Combined with the related geotechnical properties, the subsurface build-up determines the subsidence potential. Here, we present our approach to develop a 3-D geo-hydrological model based on lithological borehole data, geophysical sedimentary properties, palaeogeography and conceptual models of delta evolution.
Introduction
The Vietnamese Mekong delta is experiencing strong intensifications of agricultural and aquaculture practices and cities in the delta are growing fast . Pressure on the existing natural resources is high and the demand for fresh water is steadily increasing. On daily basis over 2 million m 3 of groundwater is extracted from the upper 500 m of the multi-aquifer subsurface. Aquifer drawdown occurs at rates of 0.3-0.7 m yr −1 (Wagner et al., 2012) . Such declines in hydraulic head can trigger high compaction in the drained subsurface sediments, causing land subsidence at the surface (e.g. Galloway and Burbey, 2011) . However, the actual impact of groundwater extraction remains unclear, because: (1) subsidence rates measured at the surface are caused by multiple drivers, not just groundwater extraction, and (2) studies on subsidence in the Mekong delta are scarce and reliable ground-based, time series of land elevation are hard to find, if they at all exist. At present, InSAR data is the only source of surface elevation data available in time series, allowing the estimation of subsidence rates (Fig. 1) .
Analysis of InSAR data measured during the period 2006-2010 reveals subsidence rates of ∼ 1-4 cm yr −1 within the Mekong delta, with an average rate of 1.6 cm yr −1 (Erban et al., 2014) . These rates are high, especially when considering that the majority of the delta is elevated less than 2 m above mean sea level and already prone to flooding. Subsidence poses a real threat for the Mekong delta. Even more, if also absolute sea-level rise of ∼ 3 mm yr −1 is taken into account (Church et al., 2013 ). Subsidence and absolute sea level rise determine relative sea level rise, the rise of mean sea level experienced from the land over time, increasing salt water intrusion and flood risks. Furthermore, subsidence is causing damage to buildings and infrastructure. There is an urgent need to come up with adequate groundwater quality and extraction regulation to secure a sustainable future for (Erban et al., 2014) . the delta. Decision-making requires insights in the spatial extent and magnitude of groundwater extraction as driver of subsidence in the delta. Therefore, we aim to assess the subsidence potential of the upper 500 m of the subsurface due to groundwater extraction. The first step is to get a better understanding of the complex sedimentary architecture of the heterogeneous subsurface of the Mekong delta. In this paper we present our approach to develop a new 3-D subsurface model, which enables groundwater and subsidence modelling, based on thorough analysis of the complex multi-aquifer subsurface. Ultimately, this model can be used to create meaningful predictions and evaluate (ground)water management scenarios for policy-makers.
From monitoring to predicting subsidence
Total measured subsidence at the earth surface, e.g. by In-SAR analysis, is the sum of subsidence resulting from all natural and human-induced drivers acting in an area (Fig. 2) . This cumulative signal needs to be unraveled to determine the contribution of each driver and to go from measuring to predicting subsidence. We distinguish between shallow and deep drivers and processes of subsidence, because in the shallow phreatic aquifer other drivers and processes are dominant (e.g. drop in phreatic water table and consequent oxidation), than in the deeper confined aquifer-aquitard system (e.g. groundwater extraction causing consolidation). The boundary between shallow and deep processes depends on the local lithology and is situated at the top of the upper most aquitard. Total subsidence is the sum of all shallow and deep subsidence rates, resulting from all processes forced by all drivers of subsidence; the subsidence balance equation (Fig. 2) . For the Mekong delta the subsidence balance equation is still unsolved and impacts of different drivers and processes are unknown. Erban et al. (2014) identified groundwater extraction as a potential main driver of subsidence, using 1-D consolidation calculations with hydraulic head time series at several locations in the delta. We will further explore the potential of groundwater extraction on subsidence for the Mekong delta in a step towards solving the total subsidence balance.
Research approach
Our first step to assess the subsidence potential of the multiaquifer system of the Mekong delta due to groundwater extraction, is to gain a profound understanding of the subsurface sedimentary architecture. The aquifer-aquitard architecture, the geotechnical properties and the characteristics and occurrence of interbeds will determine the potential for subsidence. Present models of the subsurface are coarse and do not have the level of detail required for accurate subsidence modelling (DWRPIS, 2010). Therefore we develop a 3-D lithological subsurface model based on a higher lithological data density and combining additional sources of subsurface data (Fig. 3) . Furthermore, concepts of delta evolution and palaeogeographic development of the Mekong delta are constructed and provide valuable information on the spatial occurrence of palaeo-depositional environments. This allows to reconstruct the complex nature of the subsurface buildup through time. These insights are used to interpolate the lithological borehole data into a 3-D lithological subsurface model, in addition to standard interpolation methods, like linear interpolation of borehole data at point locations. Through this approach we create a more detailed and, from a geological point of view, more realistic representation of the complex multi-aquifer subsurface than present in current available models. Moreover, this approach enables exploration of aquifer characteristics such as aquifer connectivity and sediment properties. Subsequently, this lithological subsurface model is converted into a geo-hydrological model and transferred to a groundwater flow software package (e.g. MOD-FLOW), including a subsidence module. This enables hydrological and subsidence modelling of the Mekong delta at regional and local scales and assessing the subsidence potential of the subsurface by groundwater extraction. Finally, this model can be applied to create meaningful quantitative predictions of subsidence driven by groundwater extraction and evaluate groundwater management scenarios. 
Conclusions and future outlook
Surface measurements by InSAR analysis show relatively high subsidence rates of ∼ 1-4 cm yr −1 for the Mekong delta, causing increased flooding risk, salinization and damage to buildings and infrastructure. Groundwater extraction is hypothesized to be a main driver of subsidence, but the contribution of other possible human-induced drivers, like loading by buildings and infrastructure and drainage have not been quantified yet. The development of a new lithological model of the Mekong delta based on subsurface data and incorporating palaeogeographical and delta evolutional insights is the first step towards resolving the subsidence balance. The lithological model, converted into a 3-D geo-hydrological model, enables calculations of groundwater dynamics and resulting subsidence, using groundwater flow software including a subsidence module. This allows assessing the subsidence potential of the multi-aquifer system of the Mekong delta caused by groundwater extraction. The model can furthermore be used to create meaningful predictions of future subsidence rates using different delta management scenarios, supporting sustainable decision-making in groundwater management to limit the total amount and rates of subsidence
